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We investigate the observed pentaquark candidates Pc(4312), Pc(4440) and Pc(4457) from the
latest LHCb measurement, as well as four possible spin partners in the D¯(∗)Σ∗c system predicted
from the heavy quark spin symmetry with the hadronic molecule scenarios. Similar to the previous
calculation on Pc(4380) and Pc(4450), the partial widths of all the allowed decay channels for
these Pc states are estimated with the effective Lagrangian method. The cutoff dependence of our
numerical results are also presented. Comparing with the experimental widths, our results show that
Pc(4312), Pc(4440) and Pc(4457) can be described well with the spin-parity-1/2
−-D¯Σc, 1/2−-D¯∗Σc
and 3/2−-D¯∗Σc molecule pictures, respectively.
I. INTRODUCTION
The latest LHCb measurement observed more precise
line shape of the J/ψp invariant mass distribution from
the process Λ0b → J/ψpK− [1]. The experimental data
suggested that the previous observed structure Pc(4450)
is resolved into two narrow states, Pc(4440) and Pc(4457)
while the broad state Pc(4380) have not been confirmed
yet. In addition, a new structure Pc(4312) is discovered
with 7.3σ significance. Their masses and widths are given
in the following table.
States Mass (MeV) Width (MeV)
Pc(4312)
+ 4311.9 ± 0.7+6.8−0.6 9.8± 2.7
+3.7
−4.5
Pc(4440)
+ 4440.3 ± 1.3+4.1−4.7 20.6 ± 4.9
+8.7
−10.1
Pc(4457)
+ 4457.3 ± 0.6+4.1−1.7 6.4± 2.0
+5.7
−1.9
The reported masses of Pc(4312) and Pc(4457) lie ap-
proximately 10 MeV and 5 MeV below the D¯Σc and
D¯∗Σc thresholds, respectively. This closeness to the
thresholds and their narrow widths make the interpre-
tation of hadronic molecule consisting of the correspond-
ing meson-baryon system naturally for these pentaquark-
like states. And the experimental properties of previous
Pc(4380) and Pc(4450) can be described well in the simi-
lar scenarios within some reasonable parameter range [2].
Actually, before the first observation of pentaquark struc-
ture in hidden charm sector by LHCb in 2015 [3], the ex-
istence of such near threshold bound states has been pre-
dicted systematically in some early theoretical works [4–
10]. Especially, the predicted masses for these three ob-
served Pc states in Ref. [8] are exactly consistent with
the reported experimental measurement within the un-
certainty. And from the theoretical analysis in that work,
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we note that the D¯Σc and D¯
∗Σc account for a large pro-
portion of component in lower Pc(4312) and higher two
Pc states, respectively. After that experimental discov-
ery, various other theoretical scenarios have been also
proposed to understand the nature of pentaquark-like
states, which include compact pentaquarks [9, 11–20],
baryocharmonia [21, 22] and rescattering-induced kine-
matical effects [23–26], as well as other possible bounded
mechanism [27, 28]. The definite conclusion on the inner
structures of Pc states, however, requires further experi-
mental investigation for them, especially the determina-
tion of their spin and parity.
Recently, starting off with the near threshold prop-
erties of the reported Pc states, some theoretical works
suggested the molecular interpretations are favorable to
them [29–40]. And additional four similar hadronic
molecules are expected with the heavy quark spin sym-
metry [32, 40]. The systemic introduction to the hadronic
molecules can refer to the reviews [41, 42]. In the present
work, we would like to investigate the decay properties of
the newly observed Pc states within the S-wave hadronic
molecular pictures. The strong interactions among the
involved hadrons are described with the effective La-
grangian method. As a result, the whole strong decay
patterns are presented with the free parameters fixed to
reproduce the measured total decay widths. It will help
us to verify whether Pc(4312), Pc(4440) and Pc(4457) are
S-wave hadronic molecule states or not in future. Besides
that, another four possible molecules in D¯(∗)Σ∗c system
predicted in Refs. [10, 32] are also investigated.
This work is organized as follows: In Sec. II, we intro-
duce formalism and some details about the theoretical
tools used to calculate the decay modes of exotic hadronic
molecular states. In Sec. III, the numerical results and
discussion are presented. The last section is devoted to
the summary of the present work.
2II. FORMALISM
A. Decay channels
Since there is no definite experimental evidence to
identify the quantum numbers for all of the observed
Pc states up to now, we decipher them as the S-wave
hadronic molecules in the present work. It indicates that
Pc(4312) is treated as a J
P = 1/2− D¯Σc bound state
while Pc(4440) and Pc(4457) are D¯
∗Σc bound states with
two possible quantum numbers 1/2− and 3/2−. With the
effective Lagrangian approach, the partial decay widths
of Pc molecules to all possible channels can be estimated
consistently.
Compared with the reported total widths of Pc states,
only the effect from the finite width of Σ∗c (∼ 15 MeV)
needs to be considered and all other constituent hadrons,
which include D¯, D¯∗ and Σc, can be treated as stable
particles. And the natural three-body decays through
the bounded Σ∗c decay will contribute to the widths of
D¯(∗)Σ∗c molecules, as shown in Fig. 1. The two-body
decays of hadronic molecules will be described conven-
tionally by the triangle diagram mechanism with the one
meson exchanged as in Fig. 2. All the two-body de-
Pc
D¯
(∗)
pi
Λc
Σ
∗
c
FIG. 1. Three-body decays of the D¯(∗)Σ∗c molecules.
cay channels considered in our calculation are collected
in Table I.
B. Effective Lagrangian
In the present work, we adopt the effective Lagrangian
approach to compute the amplitudes of above decay di-
agrams. For the first vertex that Pc states couple to the
hadronic baryon-meson pairs, the Lorentz covariant L-
S scheme proposed in Ref. [43] is used. A remarkable
feature of this configuration is that the L-S effective La-
grangian contains definite angular momentum contribu-
tion of the final two-body system in the decay process. In
our S-wave molecule scenario, the involved Lagrangian is
Pc
C1
C2 F1
F2
EP
FIG. 2. The triangle diagram for the two-body decays of
the Pc states in the D¯
(∗)Σ(∗)c molecule scenarios, where C1,
C2 denote the constituent particles of the D¯(∗)Σ(∗)c compos-
ite system, F1, F2 denote the final states, EP denotes the
exchanged mesons.
TABLE I. All possible decay channels for the Pc states in the
D¯(∗)Σ(∗)c molecule scenario.
Initial state Final states Exchanged particles
Pc(4312)(D¯Σc)
J/ψN , ωp, ρN D, D∗
D¯∗Λc pi, ρ
D¯Λc ρ
ηcN D
∗
piN D∗, Λc, Σc
Pc(4440)&Pc(4457)
(D¯∗Σc)
D¯∗Λc, D¯Λc, D¯Σ∗c , D¯Σc pi, ρ
J/ψN , ωp, ρN , ηN D∗, D
piN D∗, D, Λc, Σc
χc0N D
∗
Pc(4376)(D¯Σ
∗
c)
D¯∗Λc pi, ρ
D¯Λc, D¯Σc ρ
J/ψN , ωp, ρN D∗, D
ηcN D
∗
piN D∗, Λc, Σc
χc0N D
Pc(4500)&Pc(4511)
&Pc(4523)(D¯∗Σ∗c)
D¯∗Λc, D¯Λc, D¯Σ∗c , D¯Σc, D¯Σ
∗
c pi, ρ
J/ψN , ωp, ρN , ηN D∗, D
piN D∗, D, Λc, Σc
χc0N D
∗
presented in the following,
LD¯ΣcPc(1/2−) = g
1/2−
D¯ΣcPc
Σ¯cPcD¯, (1)
LD¯Σ∗
c
Pc(3/2−) = g
3/2−
D¯Σ∗
c
Pc
Σ¯∗µc PcµD¯, (2)
LD¯∗ΣcPc(1/2−) = g1/2
−
D¯∗ΣcPc
Σ¯cγ
5γ˜µPcD¯
∗
µ, (3)
LD¯∗ΣcPc(3/2−) = g3/2
−
D¯∗ΣcPc
Σ¯cPcµD¯
∗µ, (4)
LD¯∗Σ∗
c
Pc(1/2−) = g
1/2−
D¯∗Σ∗
c
Pc
Σ¯∗µc PcD¯
∗
µ, (5)
LD¯∗Σ∗
c
Pc(3/2−) = g
3/2−
D¯∗Σ∗
c
Pc
Σ¯∗µc γ
5γ˜νPcµD¯
∗
ν , (6)
LD¯∗Σ∗
c
Pc(5/2−) = g
5/2−
D¯∗Σ∗
c
Pc
Σ¯∗µc PcµνD¯
∗ν , (7)
3with γ˜µ defined as (gµν − pµpν/p2)γν ≡ g˜µνγν , where p
denotes the momentum of initial Pc state. The effective
couplings g
D¯(∗)Σ
(∗)
c Pc
can be estimated with the compos-
iteness criterion which states the relation between the
derivative of self-energy operator of hadron resonance
and its compositeness [44, 45]. And the pure D¯(∗)Σ
(∗)
c
molecular structures are assumed for Pc states which in-
dicates the compositeness of Pc states equals to one in
this work, that is χ ≡ 1 − Z = 1. Working in the
non-relativistic limit and expanding on the small account√
2µEB/Λ, the simplest estimation, denoted as g0, for
g
D¯(∗)Σ
(∗)
c Pc
can be obtained with only the leading term
kept. It is
g0 =
√
8
√
2
√
EBm1m2π
(m1m2/(m1 +m2))3/2
√
1
MNFT (8)
FT =


1 for spin-1/2 molecule,
3/2 for spin-3/2 molecule,
5/3 for spin-5/2 molecule.
,
MN =


2m1 for spin-1/2 D¯Σc molecule,
6m1 for spin-1/2 D¯
∗Σc molecule,
4/3m1 for spin-3/2 D¯Σ
∗
c or D¯
∗Σc molecule,
4m1 for spin-1/2 D¯
∗Σ∗c molecule,
20/9m1 for spin-3/2 D¯
∗Σ∗c molecule,
6/5m1 for spin-5/2 D¯
∗Σc molecule.
.
As for the additional Lagrangians required to construct
the one meson exchanged potential, we adopt the con-
ventional formula used in a variety of phenomenological
approaches. The specific formalism can refer to our previ-
ous work [2]. And these effective coupling constants have
been organized consistently based on SU(3) flavor sym-
metry in Refs. [46–50]. We take the same convention as
in Ref. [48] and extend to get whole coupling relations. In
our hidden charm cases, the coupling constants between
charmonium and charmed mesons are related to the cou-
plings g1, g2, respectively, using the heavy quark sym-
metry [51, 52], where g1 and g2, which can be related to
the decay constants of χc0 and J/ψ by using the vecrtor-
meson-dominance(VMD) arguments∗, are the couplings
of the P - and S-wave charmonium fields to the charmed
and anti-charmed mesons, respectively. In the present
calculation, we take the same convention as Ref. [52],
that is, g1 = −5.4 GeV−1/2 and g2 = 2.1 GeV−3/2.
And the couplings between charmed mesons and light
vector mesons can be estimated with the VMD ap-
proach [53, 54]. Note that the coupling gD(∗)D(∗)J/ψ is
included in both of these two determinations, gDDJ/ψ =
gD∗D∗J/ψ = 7.44, gD∗DJ/ψ = 7.91 GeV
−1 in VMD, while
with heavy quark symmetry, one obtain gDDJ/ψ = 6.95,
∗ Note that there is a factor 2 difference for these values in Ref. [51]
and [52] due to the difference in conventions.
gD∗D∗J/ψ = 7.48, and gD∗DJ/ψ = 7.21 GeV
−1 (Note that
the different values for gDDJ/ψ and gD∗D∗J/ψ is because
the experimental masses of D and D∗ are used). Since
there is no significant difference between these two meth-
ods, we take the value of coupling gD(∗)D(∗)J/ψ in VMD
determination. For the effective couplings which have
charmed baryon(Σ
(∗)
c ,Λc) involved, the heavy quark spin
symmetry(HQSS) can be applied to reduce the number
of undetermined couplings in this part [55, 56]. And the
left unknown couplings are estimated by taking the sim-
plest approximation, that is, we assume that the role of
charm quark is the same as that of strange quark. In this
way, we use the same value from the SU(3) relations, for
example, gρΣcΛc = gρΣΛ. Finally, there is another set of
couplings, which includes gD∗Dpi, πΣcΛc and πΣ
∗
cΛc, is
inferred from the experimental decay widths. All effec-
tive couplings we used are listed in Table II. One should
note that most of these values can only be regarded as
rough estimations, which should suffice for an order-of-
magnitude estimate of the decay rates under considera-
tion.
C. Form factors
As discussed in our previous work, some of the trian-
gle diagrams, corresponding to the exchange of a pseu-
doscalar meson for the D-wave decay modes [57, 58], are
ultraviolet(UV) finite while the others diverge when the
UV finite loops receive short-distance contributions if we
integrate over the whole momentum space. We will em-
ploy the following UV regulator which suppress short-
distance contributions and thus can render all the ampli-
tudes UV finite [39, 59–62]
f1(p
2
E/Λ
2
0) = exp(−p2E/Λ20), (9)
where pE , defined as mD¯(∗)pΣ(∗)c
/(mD¯(∗) +mΣ(∗)c
) −
m
Σ
(∗)
c
pD¯(∗)/(mD¯(∗) +mΣ(∗)c
) for the D¯(∗)Σ
(∗)
c molecules,
is the Euclidean Jacobi momentum. The cutoff Λ0
denotes a hard momentum scale which suppresses the
contribution of the two constituents at short distances
∼ 1/Λ0. There is no universal criterion for the deter-
mination of these cut-offs and even for the choice of
the regulator functions, but as a general rule the value
of Λ0 should be much larger than the typical momen-
tum in the bound state, given by
√
2µǫ (∼ 0.1 GeV for
the Pc molecules). And it should also not be too large
since we have neglected all other degrees of freedom, ex-
cept for the two constituents, which would play a role at
short distances. In the present work, we vary the value
of Λ0 from 0.6 GeV to 1.4 GeV for a rough estimate
of the two-body partial widths. Note that there is an-
other three-momentum Gaussian form factor is routinely
used in a variety of non-relativistic phenomenological ap-
proaches [42, 63, 64],
f2(p
2/Λ20) = exp(−p2/Λ20), (10)
4TABLE II. Coupling constants used in the present work. The P , V , B and D denote the pseudoscalar, vector mesons, octet
and decuplet baryons respectively. Only absolute values of the couplings are listed with their signs ignored.
αBBP αBBV gBBP gBBV gV PP
gV V P
(GeV−1)
gPBD
(GeV−1)
gVBD
(GeV−1)
gPDD
(GeV−1) gVDD κVDD
0.4 1.15 13.5 3.25 3.02 12.84 15.19 20.68 12.71 7.67 6.1
gpiΣcΣc
(gBBP )
gDNΣc
(gBBP )
gDNΛc
(gBBP )
gρΣcΣc
(gBBV )
gρΣcΛc
(gBBV )
gD∗NΣc
(gBBV )
gD∗NΛc
(gBBV )
gD∗NΣ∗
c
(gV BD)
gDNΣ∗
c
(gPBD)
gD∗D∗ηc
(GeV−1) gD
∗Dηc
2αBBP 1− 2αBBP
1+2αBBP√
3
2αBBV
2(1−αBBV )√
3
1− 2αBBV
1+2αBBV√
3
1√
6
1√
6
3.52 6.82
gpiΛcΣc
gpiΛcΣ∗c
(GeV−1)
gD∗Dpi
gD∗D∗pi
a
(GeV−1)
gD∗Dρ
(GeV−1) gD
∗D∗ρ gDDρ
gD∗Dω
(GeV−1) gD
∗D∗ω gDDω
gD∗DJ/ψ
(GeV−1)
19.31 7.46 6.0 6.2 2.51 2.52 2.52 2.83 2.84 2.84 7.94
gD∗D∗J/ψ gDDJ/ψ gDDχc0
gD∗D∗χc0
(GeV−1)
7.44 7.44 32.24 11.57
a gD∗D∗pi is related to gD∗Dpi with HQSS, that is, gD∗D∗pi = 2gD∗Dpi/
√
mD∗mD. Note that compared with that in Ref. [56], an
additional factor 2 is included duo to the different Lagrangian for the D∗Dpi interaction we used here. And the value of gD∗Dpi is a
factor of
√
2 smaller than that in Ref. [2] due to the difference in conventions.
where p is the spatial part of the momentums of D¯(∗)
and Σ
(∗)
c in the rest frame of Pc states. The significant
difference between these two Gaussian form regulators is
that f1 includes an additional constraint on the energy of
molecular components, which demands that the center of
mass energy is divided as the mass distribution of com-
pounding particles inside the molecular states. It occurs
usually for the bound states in quantum mechanics. We
will discuss the effect of this energy constraint when we
present our numerical results.
In addition, a multipolar form factor is introduced
to suppress the off-shell contributions of the exchanged
mesons in our triangle diagrams. It is chosen as
f3(q
2) =
Λ41
(m2 − q2)2 + Λ41
, (11)
where m and q is the mass and momentum of the ex-
changed particle. The parameter Λ1 is also varied in the
range of 0.6-1.4 GeV.
With the effective Lagrangian method, the partial de-
cay widths of Pc states are computed in the perturbative
language,
dΓ =
FI
32π2
|M|2 |p1|
M2
dΩ, (12)
where dΩ = dφ1d(cos θ1) is the solid angle of the final
state in the rest frame of Pc, M is the mass of decaying
Pc states, the factor FI is from the isospin symmetry,
and the polarization-averaged squared amplitude |M|2
means 12J+1
∑
spin |M|2† with J the spin of Pc.
† Since the relative phase between the amplitudes contributed from
III. NUMERICAL RESULTS AND
DISCUSSIONS
With the effective coupling constants collected, the
partial decay widths of observed Pc states can be com-
puted numerically by using the effective Lagrangian ap-
proach in the hadronic molecule scenarios. Note that
there are still two undetermined parameters in our calcu-
lation, Λ0 and Λ1. The existence of such energy scale pa-
rameters is inevitable in the phenomenological paradigms
of strong interaction, either introduced to eliminate the
loop divergence or to indicate the energy range where
the effective approaches do work. As discussed above,
we vary these two cut-offs in the range of 0.6-1.4 GeV
to scrutinize how the decay behaviors undergo changes
as the cut-off is varied. And a specific set of values for
Λ0 and Λ1 is chosen to give the decay patterns of Pc
molecules by fitting to the measured total widths.
Before going to the discussion on partial decay widths,
let us take a moment to figure out the determination of
the effective couplings between Pc states and the com-
pounding D¯(∗)Σ
(∗)
c system, gPcD¯(∗)Σ(∗)c
. As mentioned
before, this coupling is estimated with the compositeness
condition. It suggests that such a coupling can be ex-
pressed as the square root of the inverse of the derivative
of its self-energy operator, that has the constituents as
the intermediate loop, for a pure molecule state. Since
the mass of the hadronic molecule are usually close to the
threshold of its constituents, the non-relativistic treat-
ment can be adopted for the estimation of the couplings
the different exchanged particles in a specific decay channel can
not be determined definitely, we compute the incoherence sum-
mation for various decay processes, e.g., |M|2 = |Mpi|2+ |Mρ|2
for D¯∗Λc final state.
5g
PcD¯(∗)Σ
(∗)
c
. In Fig. 3, we show the differences among
three different strategies for the gPcD¯Σc determination,
that is, the relativistic calculation denoted as gRT , non-
relativistic calculation gNR and the g0 which is the ap-
proximate estimate of gNR as discussed above. Here, the
cutoff Λ0 is appeared in the form factor f1 and f2 for
removing the UV divergence in the self-energy operator.
f1 is related to the relativistic calculation while f2 is used
in the non-relativistic case. And with only the leading
order left in Eq. (8), g0 is cut-off independent. The re-
sults show that gRT is always larger than the gNR while
g0 is smaller than gNR. And as expected, the difference
between them increases with the increasing of the bind-
ing energy. At the zero-binding-energy limit, the same
coupling constant will be obtain from these three various
determinations. Since g0 is Λ-independent, the depen-
dence of gRT and gNR on the cut-off can be translated
into the behaviors of these relative ratios change with
Λ0. As shown in the Fig. 3, the lower blue-diamond dot
is larger than the lower red-circle dot at the same bind-
ing energy which reflects that gNR decreases with the
increasing of Λ0. And the relative ratio between the up-
per and lower dot with the same Λ0 and binding energy is
smaller for the larger cut-off. It means that gRT decreases
also as Λ0 increases. The cases are similar for the D¯
∗Σc
and D¯(∗)Σ∗c molecule states. Notice that in our molec-
ular scenarios, the binding energy is around 10, 20 and
5 MeV for the observed Pc(4312), Pc(4440) and Pc(4457)
states respectively. Then there is no significant difference
which strategy one adopt for the g
PcD¯(∗)Σ
(∗)
c
determina-
tion. In the present work, gRT is adopted for these Pc
molecules with the binding energy larger than 10 MeV.
And for Pc(4312), Pc(4457), Pc(4376) and Pc(4523) that
have small binding energy, g0 is used for simplicity.
The partial decay widths of Pc(4312), Pc(4440) and
Pc(4457) in the S-wave hadronic molecule pictures with
Λ0 = 1.0 GeV and Λ1 = 0.6 GeV are displayed in Ta-
ble III for form factor set (f1, f3) and Table IV for form
factor set (f2, f3). And the cutoff-dependence of total
widths and the branch fractions of D¯∗Λc, J/ψp and D¯Λc
channels are presented in Fig. 4 for Pc(4312) and Fig. 5,
Fig. 6, as well as Fig. 7 for Pc(4440) and Pc(4457) states.
At first glance, one thing can be concluded that D¯∗Λc
is the dominant decay channel for both D¯Σc and D¯
∗Σc
molecules which is similar with the results on D¯Σ∗c and
D¯∗Σc molecules in our previous work [2]. And one can
also notice that D¯Λc and D¯Σ
(∗)
c channels also account
for a large portion of the widths for the D¯∗Σc molecules.
In fact, the large partial widths of these channels come
from the π exchanged contribution. It is because that
the exchanged π can go nearly on the mass shell in these
decay processes. The strong coupling to D¯∗Λc channel
of Pc(4312) is also claimed in Ref. [16] with the extended
chromomagnetic model. And the small J/ψp decays for
all of S-wave molecules in our calculation are consistent
with the latest LHCb observation which shows that the
upper limits of the branching fractions B(P+c → J/ψp)
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FIG. 3. The dependence of relative ratios gRT /gNR, g0/gNR
on binding energy, where gNR and gRT denote the non-
relativistic and relativistic estimation for the effective cou-
plings between Pc(4312) and D¯Σc composite system. And g0
is the approximate gNR as shown in Eq. (8). The red-circle,
orange-square and blue-diamond dots denote Λ0 = 0.6 GeV,
1.0 GeV and 1.4 GeV, respectively. The upper dots are the
values of gRT /gNR while the lower dots are g0/gNR.
TABLE III. Partial widths of Pc(4312) as S-wave D¯Σc
molecule, Pc(4440) and Pc(4457) as S-wave D¯
∗Σc molecules
with two possible quantum numbers, to various possible final
states with Λ0 = 1.0 GeV, Λ1 = 0.6 GeV. The form factor
set (f1, f3) is chosen. All of the decay widths are in the unit
of MeV, and the short bars denote that this decay channel
is closed or the corresponding contribution is negligible. 2−4
denotes 2× 10−4.
Mode
Widths (MeV) with (f1, f3)
D¯Σc D¯
∗Σc
Pc(4312) Pc(4440) Pc(4457)
1
2
− 1
2
− 3
2
− 1
2
− 3
2
−
D¯∗Λc 3.8 13.9 6.2 12.5 6.1
J/ψp 0.001 0.03 0.02 0.02 0.01
D¯Λc 0.06 5.6 1.7 3.8 1.5
piN 0.004 0.002 2−4 0.001 1−4
χc0p - 8
−4 4−5 9−4 3−5
ηcp 0.01 3
−4 8−5 2−4 6−5
ρN 3−5 3−4 4−5 2−4 2−5
ωp 1−4 0.001 2−4 6−4 9−5
D¯Σc - 3.4 0.5 2.6 1.0
D¯Σ∗c - 0.8 5.4 1.9 6.2
Total 3.9 23.7 13.9 20.7 14.7
6TABLE IV. The numerical results for the form factor set (f2,
f3). The notation is same with Table III.
Mode
Widths (MeV) with (f2, f3)
D¯Σc D¯
∗Σc
Pc(4312) Pc(4440) Pc(4457)
1
2
− 1
2
− 3
2
− 1
2
− 3
2
−
D¯∗Λc 10.7 12.5 6.8 10.8 6.9
J/ψp 0.1 0.6 1.8 0.2 0.6
D¯Λc 0.3 2.7 1.2 2.0 1.2
piN 1.7 0.2 1.9 0.07 0.6
χc0p - 0.1 0.009 0.05 0.003
ηcp 0.4 0.07 0.008 0.02 0.003
ρN 0.0008 0.4 0.3 0.1 0.1
ωp 0.003 1.5 1.2 0.5 0.4
D¯Σc - 3.4 0.6 2.8 0.9
D¯Σ∗c - 0.9 7.3 2.3 7.2
Total 13.2 22.4 21.0 18.8 17.9
are 4.6%, 2.3% and 3.8% for Pc(4312), Pc(4312) and
Pc(4312) respectively at 90% confidence level by assum-
ing JP = 3/2− for all of Pc states [65]. And as shown
in Refs. [16, 40, 66], the partial width of ηcp channel is
almost three times larger than that of J/ψp for the low-
est Pc(4312) state. And the decay width of Pc(4312) to
D¯Λc is a factor of 0.02 smaller than D¯
∗Λc channel [16].
These relative ratios are consistent with our calculation
as we can see from Table IV. Besides that, our results
show that the partial width of ηcp channel is around one
order of magnitude smaller than that of J/ψp for the
Pc(4440) state. It agrees with the argument of the heavy
quark symmetry in Ref. [66]. Compared with Table III
and Table IV, it does not escape attention that a remark-
able difference between the form factor f1 and f2 is that
the much larger D(∗) meson-exchanged contribution is
obtained with f2 when we take the same value of cut-
off. According to the definitions of f1 and f2, we know
that f1 provides an additional constraint on the energy of
compounding particles inside the Pc molecules. Then in
that case, the exchanged D or D∗ mesons must be highly
off the mass shell and this off-shell contribution will be
suppressed by our second form factor f3. Since the ma-
jority of the total widths of Pc molecules is contributed
by the π exchanged processes which are similar for these
two different form factors, the total decay widths of D¯Σc
and D¯∗Σc molecules obtained with f1 and f2 are compat-
ible with each other. And as shown in Fig. 4, Fig. 6 and
Fig. 7, the cut-off dependence of total widths and branch
fractions of D¯∗Λc, J/ψp and D¯Λc channels is almost same
for these two form factors. The total widths increase as
Λ0 or Λ1 increases while the branch fractions are almost
stable over the whole range of Λ1. It should be noted that
Λ0 = 1.0 GeV and Λ1 = 0.6 GeV are fixed to give a com-
patible descriptions with measured widths for all of three
observed Pc states. The numerical decay patterns with
these cutoffs in Table III suggest that the spin parties of
Pc(4440) and Pc(4457) are more likely to be 1/2
− and
3/2−, respectively. Looking further ahead, the relative
ratios between the D¯Σc and D¯Σ
∗
c and between the ηcp
and J/ψp are quite different for the different quantum
numbers of D¯∗Σc molecules. ΓD¯Σc/ΓD¯Σ∗c is around 4 for
the 1/2−-Pc(4440) while it is 0.1 for the 3/2
−-Pc(4440).
And ΓJ/ψp/Γηp is around 10 for the 1/2
−-Pc(4440) while
it is around 200 for the 3/2−-Pc(4440). These novel prop-
erties on the branch fractions also exist for the Pc(4457).
It will help us to determine the quantum numbers for
Pc(4440) and Pc(4457) states experimentally in future.
The quantum numbers of these two Pc states are also
discussed with the molecular scenarios in Refs. [67–70].
And following the heavy quark spin symmetry, Ref. [32]
studied all possible heavy quark multiplets in D¯Σc, D¯Σ
∗
c ,
D¯∗Σc, D¯
∗Σ∗c systems with two sets of quantum numbers
for Pc(4440) and Pc(4457) as inputs, (1/2
−, 3/2−) which
they call set A and the opposite identification set B. Since
the mass for 1/2−-D¯Σc molecule produced with set A is
more compatible with the LHCb observation, four pre-
dicted heavy quark multiplets from the set A are consid-
ered in our work, that is, 3/2−-Pc(4376), 1/2
−-Pc(4500),
3/2−-Pc(4511) and 5/2
−-Pc(4523). With the same cut-
offs, the partial decay widths of the S-wave D¯(∗)Σ∗c
molecules are presented in Table V for form factor set
(f1, f3) and Table VI for set (f2, f3). And also the cut-off
dependence of total widths are presented in Fig. 8. The
decay pattern of 3/2−-D¯Σ∗c molecule is quite the same
with the 1/2−-D¯Σc except for the additional three-body
D¯Λcπ decay of D¯Σ
∗
c molecule. D¯
∗Λc is still the largest
decay channel of S-wave D¯Σ∗c molecule. The difference
of the decay patterns between two form factors f1 and f2
in D¯Σ∗c and D¯
∗Σ∗c sectors is similar with D¯Σc and D¯
∗Σc
molecules. The non-relativistic form factor f2 brings a
larger D and D∗ meson exchanged partial widths. In
particular, for the 1/2−-D¯∗Σ∗c molecule, a huge enhance-
ment for the D∗ exchanged precesses in J/ψp, ρN , ωp,
χc0p channels and the D exchanged precesses in πp, ηcp
channels is generated by f2. And there are some intrigu-
ing results for three D¯∗Σ∗c molecules. Among of them, the
1/2−-D¯∗Σ∗c molecule has the strongest couplings to D¯Λc,
D¯Σc, D¯
∗Σc channels and the relative ratio is around
1 : 1 : 1 while 3/2−-D¯∗Σ∗c is strongly coupled to the D¯Σ
∗
c
channel. In addition, the relative ratio between D¯∗Λc
and D¯Λc is also different for these three S-wave D¯
∗Σ∗c
molecule, ΓD¯∗Λc/ΓD¯Λc is a bit less than 1 for the 1/2
−
state, ΓD¯∗Λc/ΓD¯Λc = 3 for the 5/2
− and it is around
50 for the 3/2− molecule. The results obtained here can
expand our understanding on the nature of pentaquark
states in the hadronic molecule scenarios and can serve
as the theoretical references for testing the molecule in-
terpretations in the future experiments.
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FIG. 4. Λ1-dependence of the total decay width and the branching fractions of the D¯
∗Λc, J/ψp and D¯Λc channels for the
Pc(4312) in the J
P = 1/2− D¯Σc molecule scenario. The form factor set is chosen as (f1, f3)(denoted as RT) for the left panel,
and it is (f2, f3)(denoted as NR) for the right panel. The black solid line denotes the Λ1-dependence of total widths while
dashed line is the Λ0-dependence. And the blue-solid, origin-dashed and red-dotted lines represent the Λ1-dependence of partial
widths for the D¯∗Λc, J/ψp and D¯Λc channels, respectively. The green bands in the upper half panels represent the measured
widths with uncertainties and the green-solid line denotes the central value.
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FIG. 5. Λ0-dependence of the total decay widths for the Pc(4440) in the left panel and Pc(4457) in the right panel, where
the blue-solid, blue-dashed, red-solid and red-dashed lines denote that 1/2−-D¯∗Σc molecule with the form factor set (f2, f3),
3/2−-D¯∗Σc with (f2, f3), 1/2−-D¯∗Σc with (f1, f3) and 3/2−-D¯∗Σc with (f1, f3), respectively. The green bands in the upper
half panels represent the measured widths with uncertainties and the green-solid line denotes the central value.
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FIG. 6. Λ1-dependence of the total decay width and the branching fractions of the D¯
∗Λc, J/ψp and D¯Λc channels for the
Pc(4440) in the D¯
∗Σc molecule scenario with JP = 1/2− or 3/2−. The form factor set is chosen as (f1, f3)(denoted as RT)
for the left panel, and it is (f2, f3)(denoted as NR) for the right panel. The black solid line denotes the Λ1-dependence of
total widths. And the blue-solid, origin-dashed and red-dotted lines represent the Λ1-dependence of partial widths for the
D¯∗Λc, J/ψp and D¯Λc channels, respectively. The green bands in the upper half panels represent the measured widths with
uncertainties and the green-solid line denotes the central value.
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FIG. 7. Λ1-dependence of the total decay width and the branching fractions of the D¯
∗Λc, J/ψp and D¯Λc channels for the
Pc(4457) in the D¯
∗Σc molecule scenario with JP = 1/2− or 3/2−. The notations are same with Fig. 6.
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FIG. 8. Λ-dependence of the total decay withs for the four spin partners predicted by Ref. [32] in the D¯(∗)Σ∗c molecule pictures,
where the blue-solid, blue-dashed, red-solid and red-dashed lines denote that the dependence on Λ0 with form factor set (f2, f3),
dependence on Λ1 with (f2, f3), dependence on Λ0 with (f1, f3) and dependence on Λ1 with (f1, f3), respectively.
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TABLE V. The partial decay widths of Pc(4376) as S-wave
D¯Σ∗c molecule and Pc(4500), Pc(4511) and Pc(4523) as the
D¯∗Σ∗c molecule with different spin parity which are four spin
partners of observed Pc molecules within the HQSS frame-
work. The form factor set (f1, f3) is used and Λ0 = 1.0 GeV,
Λ1 = 0.6 GeV. The notation is same with Table. III.
Mode
Widths (MeV) with (f1, f3)
D¯Σ∗c D¯
∗Σ∗c
Pc(4376) Pc(4500) Pc(4511) Pc(4523)
3
2
− 1
2
− 3
2
− 5
2
−
D¯∗Λc 12.4 7.1 17.0 4.5
J/ψp 0.01 0.006 0.02 0.006
D¯Λc 9
−5 10.0 0.3 1.5
piN 2−4 0.003 1−4 3−4
χc0p 0.003 0.01 0.002 6
−7
ηcp 0.001 0.01 6
−4 8−4
ρN 5−4 0.001 0.01 8−5
ωp 0.002 0.004 0.005 3−4
D¯Σc 5
−4 10.6 0.2 1.3
D¯Σ∗c - 1.0 33.8 6.2
D¯∗Σc - 10.6 0.07 1.2
D¯Λcpi 5.0 - - -
D¯∗Λcpi - 4.0 7.7 7.8
Total 17.5 43.3 59.1 22.5
IV. SUMMARY
A more precise spectrum of pentaquark-like states in
the process of Λb → J/ψpK was reported recently by the
LHCb collaboration. As previous discovery of Pc(4380)
and Pc(4450), the newly observed Pc(4312), Pc(4440)
and Pc(4457) have sparked a heated discussion. Inspired
by the closeness of Pc(4312) to the threshold of D¯Σc
and Pc(4440), Pc(4457) states to the D¯
∗Σc, the natu-
ral hadronic molecular interpretation has been suggested
in many theoretical works for these states. In analogy
to our previous work on the Pc(4380) and Pc(4450), we
investigate the strong decays of these newly observed Pc
states in the molecule scenarios. With the effective La-
grangian approach, the partial decay widths of Pc states
to all possible allowed channels are presented. It is
found that the measured widths of Pc(4312), Pc(4440)
and Pc(4457) can be reproduced well respectively in the
1/2−-D¯Σc, 1/2
−-D¯∗Σc and 3/2
−-D¯∗Σc molecule pic-
tures. And the 3/2−-D¯∗Σc and 1/2
−-D¯∗Σc molecule as-
signments for the Pc(4440) and Pc(4457) can not be ruled
out at present. The novel difference on the decay patterns
between the spin parity 1/2− and 3/2− D¯∗Σc molecule
for both Pc(4440) and Pc(4457), such as ΓD¯Σc/ΓD¯Σ∗c and
ΓJ/ψp/Γηcp, can be used to distinguish the quantum num-
TABLE VI. The numerical results for the form factor set
(f2, f3). The notation is same with Table. V.
Mode
Widths (MeV) with (f2, f3)
D¯Σ∗c D¯
∗Σ∗c
Pc(4376) Pc(4500) Pc(4511) Pc(4523)
3
2
− 1
2
− 3
2
− 5
2
−
D¯∗Λc 21.6 6.4 16.7 3.1
J/ψp 0.7 36.7 4.4 0.2
D¯Λc 3
−5 2.0 0.09 0.7
piN 0.6 49.9 6.0 0.5
χc0p 0.1 4.7 0.5 8
−6
ηcp 9
−4 13.5 0.1 0.04
ρN 0.2 11.6 0.6 0.1
ωp 0.8 44.0 2.3 0.4
D¯Σc 2
−4 6.7 0.2 1.0
D¯Σ∗c - 1.2 35.0 4.1
D¯∗Σc - 13.6 0.08 0.7
D¯Λcpi 5.0 - - -
D¯∗Λcpi - 4.0 7.7 7.8
Total 29.0 194.5 73.7 18.7
bers in the future experiments. In addition, four pos-
sible heavy quark multiplets are also considered in our
calculations. With the same cutoffs, their partial decay
widths are presented. Albeit with large uncertainty, the
findings here discussed can be considered as the direct
consequences of the hadronic molecular assignments and
can be tested by the further experimental investigation
in future. It will improve our understanding on the inner
structure of these pentaquark-like states.
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